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(54) METHOD FOR PRODUCING VOLATILE CHEMICAL AND FERMENTATION DEVICE

(57) The present invention is a method of producing
a volatile chemical substance using a culture apparatus
including: a culture tank configured to culture a microor-
ganism having an ability to produce a volatile chemical
substance; a delivery line configured to deliver a culture
liquid obtained by culture in the culture tank to the storage
tank; and a storage tank configured to store a solution

containing the chemical substance obtained by culturing
the microorganism, the method including culturing the
microorganism in the culture tank while retaining the so-
lution in the storage tank, wherein a gas phase portion
in the storage tank and a gas phase portion in the culture
tank are connected to each other through a gas connec-
tion pipe.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to a production method and a production apparatus, which are capable of reducing
loss of a volatile chemical substance.

Background Art

[0002] Methods of producing various chemical substances with microorganisms such as yeast and bacteria, using
organic compounds in biomass as fermentation feedstocks, have been practically used. In production of a chemical
substance by a fermentation method, fermentation in a culture tank is followed by extraction of the chemical substance
of interest from the culture liquid, or concentration of the culture liquid, in some cases. In such cases, the culture liquid
is once collected into a storage tank or the like.
[0003] In cases where the chemical substance produced is a volatile chemical substance, evaporation of the volatile
chemical substance from the culture liquid occurs. Therefore, the culture tank in which the fermentation is carried out,
and the storage tank, are filled with a gas containing the chemical substance. Delivery of the culture liquid into the storage
tank filled with the gas containing the chemical substance is dangerous since the pressure in the tank increases. Therefore,
an apparatus or treatment for decreasing the pressure in the tank, such as placement of a vent for releasing the gas to
the outside of the tank, is required. However, releasing of the gas to the outside of the tank also causes release of the
chemical substance contained in the gas to the outside of the tank, resulting in a decrease in the chemical substance
of interest collected, leading to a loss.
[0004] Patent Document 1 describes a method in which, in production of ethanol by a fermentation method, the gas
in the culture tank is sucked to maintain a reduced pressure in the culture tank, to thereby reduce the ethanol concentration
in the culture liquid while maintaining the fermentation rate.
[0005] In culture for a volatile chemical substance, there is a method in which a backflow condenser is placed for a
vent hole for releasing the gas from the culture tank. The backflow condenser is also called cold trap. A backflow
condenser placed for a culture tank or storage tank comprises a pipe through which a coolant flows, around or inside a
line that connects the gas phase portion in the tank to the outside of the tank. The backflow condenser allows condensation
of condensable components contained in the gas, to prevent an increase in the pressure in the tank so that loss of the
volatile chemical substance can be prevented. It is thought that, by placement of backflow condensers not only for the
culture tank, but also for the storage tank, loss of the volatile chemical substance can be further suppressed.
[0006] As another method of preventing loss of a volatile chemical substance, a method in which culture is performed
while supplying a gas containing the volatile chemical substance of interest has been studied. For example, in Patent
Document 2, loss of a volatile chemical substance in a process of methanol production is prevented by performing culture
while supplying a gas containing methanol.

Prior Art Documents

[Patent Documents]

[0007]

Patent Document 1: JP 2010-246512 A
Patent Document 2: JP 2005-13048 A

SUMMARY OF THE INVENTION

[0008] The present inventors studied on suppression of loss of a volatile chemical substance by placement of a
backflow condenser for a storage tank, and discovered a new problem that placement of a backflow condenser for a
storage tank does not enable sufficient suppression of loss of the volatile chemical substance. More specifically, even
by placement of the backflow condenser, condensation of all volatile substances is difficult. The amount of substances
that can be collected by condensation at least at the temperature of the cooling water is limited, and the other substances
are discharged as a gas. Also in cases where the heat transfer area of the backflow condenser is insufficient, a part of
the substances are discharged to cause a loss. Thus, placement of backflow condensers not only for the culture tank,
but also for the storage tank, causes further dilution of the culture liquid. Moreover, although the method of Patent
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Document 1 enables prevention of loss of the volatile chemical substance, the method requires energy for reducing the
pressure in the culture tank. The required energy increases as the size of the apparatus increases. Further, since the
inside of the culture tank is controlled to be in a reduced-pressure state, the concentration of the chemical substance
contained in the culture liquid also decreases.
[0009] An object of the present invention is to provide an apparatus and a method which simply prevent loss of a
volatile chemical substance from a storage tank, without using a backflow condenser for the storage tank.
[0010] As a result of intensive study, the present inventors discovered that, by connecting a gas phase portion in a
fermentation tank and a gas phase portion in a storage tank to each other through a gas connection pipe, loss of a
volatile chemical substance from the storage tank can be simply reduced, thereby accomplishing the present invention.
[0011] More specifically, the present invention is as described below in [1] to [9].

[1] A method of producing a volatile chemical substance using a culture apparatus comprising: a culture tank con-
figured to culture a microorganism having an ability to produce a volatile chemical substance; a storage tank con-
figured to store a solution containing the chemical substance obtained by culturing the microorganism; and a delivery
line configured to deliver a culture liquid obtained by culturing in the culture tank to the storage tank,
the method comprising culturing the microorganism in the culture tank while retaining the solution in the storage tank,
wherein a gas phase portion in the storage tank and a gas phase portion in the culture tank are connected to each
other through a gas connection pipe.
[2] The method of producing a volatile chemical substance according to [1],
wherein the delivery line comprises: a separation membrane module configured to separate microorganisms in the
culture liquid; a culture liquid delivery line configured to deliver the culture liquid to the separation membrane module;
a filtrate pipe configured to deliver a filtrate obtained by the separation membrane module to the storage tank; and
an unfiltered -liquid pipe configured to return an unfiltered liquid obtained by the separation membrane module to
the culture tank, and
wherein in the delivery of the culture liquid from the culture tank to the storage tank, a filtrate obtained by passing
the culture liquid through the separation membrane module is delivered to the storage tank as a solution containing
the volatile chemical substance, and an unfiltered liquid obtained by passing the culture liquid through the separation
membrane module is returned to the culture tank.
[3] The method of producing a volatile chemical substance according to [2], wherein the separation membrane has
an average pore size of 0.01 mm or more and less than 5 mm.
[4] The method of producing a volatile chemical substance according to [2] or [3], wherein the separation membrane
has a transmembrane pressure of 0.1 kPa or more and 150 kPa or less.
[5] The method of producing a volatile chemical substance according to any one of [1] to [4], wherein the liquid
temperature in the culture tank is higher than the liquid temperature in the storage tank.
[6] The method of producing a volatile chemical substance according to any one of [1] to [5], wherein the vapor
pressure of the volatile chemical substance is 1 kPa or more and 101 kPa or less at 30°C.
[7] The method of producing a volatile chemical substance according to any one of [1] to [6], wherein the volatile
chemical substance is ethanol, methanol, 1-propanol, 2-propanol, 1-butanol, 2-methyl-1-propanol, 2-butanol, 2-
methyl-2-propanol, acetone, or acetic acid.
[8] An apparatus for producing a volatile chemical substance, the apparatus comprising: a culture tank configured
to culture a microorganism having an ability to produce a volatile chemical substance; a storage tank configured to
store a solution containing the chemical substance obtained by culturing the microorganism; a delivery line configured
to deliver a culture liquid obtained by culturing in the culture tank to the storage tank; and a gas connection pipe
configured to connect a gas phase portion in the culture tank and a gas phase portion in the storage tank to each other.
[9] The apparatus for producing a volatile chemical substance according to [8], wherein the delivery line comprises:
a separation membrane module configured to separate microorganisms in the culture liquid; a culture liquid delivery
line configured to deliver the culture liquid to the separation membrane module; a filtrate pipe configured to deliver
a filtrate obtained by the separation membrane module to the storage tank as a solution containing the volatile
chemical substance; and an unfiltered-liquid pipe configured to return an unfiltered liquid obtained by the separation
membrane module to the culture tank.

[0012] According to the present invention, the gas generated in the storage tank moves to the fermentation tank
through the gas connection pipe without being discharged to the outside, so that loss of a volatile chemical substance
in the fermentation tank and the storage tank can be simply reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]
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FIG. 1 is a schematic diagram for illustration of a culture apparatus of the present invention comprising a culture
tank, a storage tank, a delivery line, and a gas connection pipe.
FIG. 2 is a schematic diagram for illustration of a culture apparatus of the present invention comprising a multi-stage
culture tank, a storage tank, a delivery line, and a gas connection pipe.
FIG. 3 is a schematic diagram for illustration of a culture apparatus of the present invention comprising a continuous-
culture tank, a storage tank, a delivery line, and a gas connection pipe.
FIG. 4 is a schematic diagram for illustration of the culture apparatus used in Example 1, which comprises a gas
connection pipe.
FIG. 5 is a schematic diagram for illustration of the culture apparatus used in Comparative Example 1, which
comprises no gas connection pipe.
FIG. 6 is a schematic diagram for illustration of the culture apparatus used in Comparative Example 2, which
comprises no gas connection pipe.
FIG. 7 is a schematic diagram for illustration of the continuous-culture apparatus used in Example 2, which comprises
a gas connection pipe.
FIG. 8 is a schematic diagram for illustration of the continuous-culture apparatus used in Comparative Example 3,
which comprises no gas connection pipe.
FIG. 9 is a schematic diagram for illustration of the continuous-culture apparatus used in Comparative Example 4,
which comprises no gas connection pipe.
FIG. 10 is a diagram presenting the ethanol concentrations in the storage tanks in Example 1, and Comparative
Examples 1 and 2.

DETAILED DESCRIPTION OF THE INVENTION

[0014] The present invention is a method of producing a volatile chemical substance using a culture apparatus com-
prising: a culture tank configured to culture a microorganism having an ability to produce a volatile chemical substance;
a storage tank configured to store a solution containing the chemical substance obtained by culturing the microorganism;
and a delivery line configured to deliver a culture liquid obtained by culturing in the culture tank to the storage tank, the
method comprising culturing the microorganism in the culture tank while retaining the solution in the storage tank, and
is technically characterized in that a gas phase portion in the storage tank and a gas phase portion in the culture tank
are connected to each other through a gas connection pipe. The gas connection pipe may be connected to any portions
of the culture tank and the storage tank as long as the liquids in these tanks are not mixed together. The shape of the
gas connection pipe is not limited as long as the pipe has a tubular shape. The material of the gas connection pipe is
preferably a metal from the viewpoint of durability. However, the material may also be a resin. The inner diameter of the
gas connection pipe is not limited as long as the pipe has a size that easily allows movement of a gas.
[0015] According to the method of the present invention, the gas phase portion in the storage tank storing the solution
containing the volatile chemical substance is connected to the gas phase portion in the culture tank retaining the culture
liquid, through the gas connection pipe. Therefore, due to the difference between the pressure in the storage tank and
the pressure in the culture tank, the gas in the storage tank and the gas in the culture tank can move in both directions
such that the pressure becomes uniform, or can move in both directions such that the concentration of the volatile
chemical substance becomes uniform between the gas phase in the storage tank and the gas phase in the culture tank,
to suppress loss of the volatile chemical substance. More specifically, compared to cases without the connection through
the gas connection pipe, the concentration of the volatile chemical substance in the solution containing the volatile
chemical substance, stored in the storage tank, can be kept high. The connection through the gas connection pipe may
be either permanent connection in the configuration of the culture apparatus, or temporary connection.
[0016] The culture tank retaining the culture liquid may be either in a state during culture or in a state after completion
of culture.
[0017] The solution containing the volatile chemical substance corresponds to the culture liquid retained in the culture
tank, a solution after removal of microorganisms from the culture liquid, or the like.
[0018] Methods of culturing a microorganism can be roughly classified into: (1) a batch culture method or fed-batch
culture method, and (2) a continuous culture method. The batch culture method or fed-batch culture method described
in (1) has the effects that only simple equipment is required, that the culture can be completed in a short time, and that
the influence of bacterial contamination is small. However, the concentration of the fermentation product in the culture
liquid increases with time, and thus fermentation is inhibited by, for example, an increase in the osmotic pressure or the
product itself, leading to a decrease in the productivity or yield. The continuous culture method described in (2) can
maintain high yield and productivity of the chemical substance for a long time by continuously supplying or discharging
a feedstock or fermentation liquid in order to avoid accumulation of a fermentation product at high concentration in the
culture tank.
[0019] According to the method of the present invention, a loss-reducing effect on a volatile chemical substance can



EP 3 805 398 A1

5

5

10

15

20

25

30

35

40

45

50

55

be expected when the volatile chemical substance is produced either by the batch culture method or fed-batch culture
method described in (1), or by the continuous culture method described in (2). However, the continuous culture method
described in (2) is preferred.
[0020] In the method of the present invention, the gas phase portion in the culture tank and the gas phase portion in
the storage tank are connected to each other through the gas connection pipe, and culture is performed in the culture
tank while retaining a solution containing the volatile chemical substance in the storage tank. As the length of time of
the culture in the culture tank increases, the loss-reducing effect on the volatile chemical substance can be more re-
markably expected. Regarding specific examples of the culture period, the culture period is preferably 100 hours or
more, more preferably 150 hours or more, still more preferably 200 hours or more.
[0021] In cases where the culture method in the culture tank is the batch culture method or fed-batch culture method
describe in (1), culture is performed in the culture tank according to this culture method, and, after completion of the
culture, the culture liquid is delivered to the storage tank through the delivery line, followed by storing the culture liquid
in the storage tank as a solution containing the volatile chemical substance. In this step, a part of the culture liquid may
be left in the culture tank, or new culture may be begun in the culture tank. Also in the step of delivering the culture liquid
through the delivery line, the gas phase portion in the culture tank and the gas phase portion in the storage tank are
preferably connected to each other through the gas connection pipe.
[0022] In cases where the culture method in the culture tank is the continuous culture method described in (2), a multi-
stage culture method or membrane-utilizing culture method is preferably applied. A membrane-utilizing culture method
is more preferably applied. The membrane-utilizing culture method is a continuous culture method such as the method
exemplified in WO 2007/097260. The method can be applied to the present invention by arranging, on the delivery line,
at least a separation membrane module configured to separate microorganisms in the culture liquid, a culture liquid
delivery line configured to deliver the culture liquid to the separation membrane module, a filtrate pipe configured to
deliver a filtrate obtained by the separation membrane module to the storage tank, and an unfiltered-liquid pipe configured
to return an unfiltered liquid obtained by the separation membrane module to the culture tank, and performing culture
in the culture tank and continuous membrane filtration of the culture liquid by the method described in WO 2007/097260
while storing the resulting filtrate in the storage tank as a solution containing the volatile chemical substance. In the case
of the membrane-utilizing culture method, the culture liquid is continuously delivered from the culture tank to the storage
tank. Therefore, the connection between the gas phase portion in the culture tank and the gas phase portion in the
storage tank through the gas connection pipe is preferably permanent connection in the configuration the culture appa-
ratus.
[0023] The separation membrane may be either an inorganic membrane or an organic membrane as long as the
separation of the microorganism from the culture liquid is possible therewith. Specific examples of the separation mem-
brane include porous ceramic membranes, porous glass membranes, porous organic polymer membranes, metal fiber
textiles, and non-woven fabrics. Among these, porous organic polymer membranes and ceramic membranes are espe-
cially preferred. For allowing sterilization of the separation membrane module by treatment of the separation membrane
in saturated water vapor at 2 atm at 121°C for 20 minutes, the separation membrane preferably has heat resistance.
Regarding the configuration of the separation membrane, the separation membrane preferably contains a porous resin
layer as a functional layer from the viewpoint of resistance to dirt.
[0024] The separation membrane containing a porous resin layer preferably has a porous resin layer that acts as a
separation function layer, on a surface of a porous substrate. The porous substrate supports the porous resin layer to
give strength to the separation membrane. In cases where the separation membrane has the porous resin layer on the
surface of the porous substrate, the porous substrate may be impregnated with the porous resin layer, or may not be
impregnated with the porous resin layer.
[0025] The porous substrate preferably has an average thickness of 50 mm or more and 3000 mm or less. The porous
substrate is composed of an organic material, inorganic material, and/or the like. In particular, an organic fiber is preferably
used. Preferred examples of the organic fiber used for the porous substrate include cellulose fibers, cellulose triacetate
fibers, polyester fibers, polypropylene fibers, and polyethylene fibers. Woven fabrics and non-woven fabrics of these
fibers are preferably used. Non-woven fabrics are especially preferred since their densities can be relatively easily
controlled, and since they can be easily and inexpensively produced.
[0026] As the porous resin layer, an organic polymer membrane may be preferably used. Examples of the material of
the organic polymer membrane include polyethylene resins, polypropylene resins, polyvinyl chloride resins, polyvinyli-
dene fluoride resins, polysulfone resins, polyethersulfone resins, polyacrylonitrile resins, cellulose resins, and cellulose
triacetate resins. The organic polymer membrane may also be a resin mixture containing these resins as major compo-
nents. Here, a major component means that the component is contained in an amount of 50% or more by weight,
preferably 60% or more by weight. The material of the organic polymer membrane is preferably a polyvinyl chloride
resin, polyvinylidene fluoride resin, polysulfone resin, polyethersulfone resin, or polyacrylonitrile resin from the viewpoint
of easy formation of the membrane using a solution, and good physical durability and chemical resistance. A polyvinyli-
dene fluoride resin or a resin containing it as a major component is most preferably used.
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[0027] Here, as the polyvinylidene fluoride resin, a homopolymer of vinylidene fluoride is preferably used. The poly-
vinylidene fluoride resin is also preferably a copolymer with vinyl monomers capable of copolymerizing with vinylidene
fluoride. Examples of the vinyl monomers capable of copolymerizing with vinylidene fluoride include tetrafluoroethylene,
hexafluoropropylene, and fluoroethylene trichloride.
[0028] The pore size of the separation membrane used in the present invention is not limited as long as it does not
allow passing of the microorganism used in the culture. The pore size is preferably within a range in which clogging with
secretions of the microorganism used in the culture, or with fine particles in the fermentation feedstock, is less likely to
occur, and in which the filtration performance can be stably maintained for a long time. Thus, the average pore size of
the porous separation membrane is preferably 0.01 mm or more and 5 mm or less. The average pore size of the separation
membrane is more preferably 0.01 mm or more and 1 mm or less since such an average pore size enables achievement
of both a high rejection rate which does not allow leakage of the microorganism, and a high permeability, and also
enables maintenance of the permeability for a long time.
[0029] From the viewpoint of preventing leakage of the microorganism, that is, preventing a trouble causing a decrease
in the rejection rate, the average pore size of the separation membrane is preferably not too large relative to the size of
the microorganism. In cases where a small cell such as a bacterium is used as the microorganism, the average pore
size is preferably 0.01 mm or more and 0.4 mm or less, more preferably 0.01 mm or more and 0.2 mm or less.
[0030] Here, the average pore size can be determined by measuring the diameters of all pores which can be observed
within an area of 9.2 mm 3 10.4 mm under a scanning electron microscope at a magnification of 10,0003, and averaging
the measured values. Alternatively, the average pore size can be determined by taking a photograph of the membrane
surface using a scanning electron microscope at a magnification of 10,0003, and randomly selecting 10 pores or more,
preferably 20 pores or more, followed by measuring the diameters of these pores and calculating the arithmetic average.
In cases where a pore is not circular, a circle having the same area as that of the pore (equivalent circle) may be
determined using an image processing device or the like, and the diameter of the equivalent circle may be regarded as
the diameter of the pore.
[0031] The standard deviation σ of the average pore size of the separation membrane used in the present invention
is preferably 0.1 mm or less. It is preferable that the standard deviation σ of the average pore size is as small as possible.
The standard deviation σ of the average pore size is calculated according to the following Equation 1, wherein N represents
the number of pores observable within the above-mentioned area of 9.2 mm 3 10.4 mm; Xk represents the respective
measured diameters; and X(ave) represents the average of the pore sizes.

[0032] In the separation membrane used in the present invention, permeability to the culture liquid is an important
property. As an index of permeability of the separation membrane, the pure water permeability coefficient of the separation
membrane before use can be used. In the present invention, the pure water permeability coefficient of the separation
membrane is preferably 5.6310-10 m3/m2/s/pa or more as calculated by measuring the amount of permeation with a
head height of 1 m using purified water at a temperature of 25°C prepared with a reverse osmosis membrane. In cases
where the pure water permeability coefficient is 5.6310-10 m3/m2/s/pa or more and 6310-7 m3/m2/s/pa or less, a practically
sufficient amount of permeation can be obtained.
[0033] The membrane surface roughness of the separation membrane used in the present invention is the average
height in the vertical direction from the surface. The membrane surface roughness is a factor related to easiness of
detachment of the microorganism adhering to the surface of the separation membrane, by the membrane surface washing
effect of a liquid current produced by stirring or a circulating pump. The surface roughness of the separation membrane
is not limited as long as the microorganism and other solids adhering to the membrane can be detached. The surface
roughness is preferably 0.1 mm or less. In cases where the surface roughness is 0.1 mm or less, the microorganism and
other solids adhering to the membrane can be easily detached.
[0034] The separation membrane more preferably has a surface roughness of 0.1 mm or less, an average pore size
of 0.01 mm or more and 1 mm or less, and a pure water permeability coefficient of 2310-9 m3/m2/s/pa or more. It was
found that, by using such a separation membrane, the operation can be more easily carried out without requiring excessive
power for washing the membrane surface. In cases where the membrane surface roughness is 0.1 mm or less, the shear
force generated on the membrane surface during the filtration of the microorganism can be reduced, and destruction of
the microorganism can therefore be suppressed, so that clogging of the separation membrane can be suppressed. Thus,
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stable filtration can be more easily carried out for a long time. In cases where the membrane surface roughness of the
separation membrane is 0.1 mm or less, continuous fermentation can be carried out with a smaller transmembrane
pressure, and, even when clogging of the separation membrane occurs, the membrane can be more easily recovered
by washing compared to cases where the operation is carried out with a large transmembrane pressure. Since stable
continuous fermentation is possible by suppressing clogging of the separation membrane, it is preferable that the surface
roughness of the separation membrane is as small as possible.
[0035] Here, the membrane surface roughness of the separation membrane is a value measured using the following
atomic force microscope (AFM) under the following conditions. Apparatus: atomic force microscope apparatus ("Nano-
scope (registered trademark) IIIa", manufactured by Digital Instruments) Measurement conditions:

Probe: SiN cantilever (manufactured by Digital Instruments)
Scanning mode: Contact mode (measurement in air); or Underwater tapping mode (underwater measurement)
Scanning area: 10 mm 3 25 mm (measurement in air); or 5 mm 3 10 mm (underwater measurement)
Scanning resolution: 512 3 512

[0036] For the measurement, the membrane sample was soaked in ethanol at room temperature for 15 minutes, and
then soaked in RO water for 24 hours, followed by washing, and then drying in air. The RO water means water prepared
by filtration through a reverse osmosis membrane (RO membrane), which is a filtration membrane, to remove impurities
such as ions and salts. The pore size of the RO membrane is about 2 nm or less.
[0037] The membrane surface roughness, drough, is calculated according to the following Equation 2 using the above
atomic force microscope apparatus (AFM), based on the height of each point in the direction of the z-axis.

drough : Surface roughness (mm)
Zn : Height in Z-axis direction (mm) : Average height in Scanned area (mm)
N : Number of samples measured

[0038] The shape of the separation membrane used in the present invention is not limited, and the separation membrane
may be a flat membrane, hollow fiber membrane, or the like. The separation membrane is preferably a hollow fiber
membrane. In cases where the separation membrane is a hollow fiber membrane, the inner diameter of the hollow fiber
is preferably 200 mm or more and 5000 mm or less, and the membrane thickness is preferably 20 mm or more and 2000
mm or less. A textile or knit produced by forming organic fibers or inorganic fibers into a cylindrical shape may be contained
in the hollow fiber.
[0039] The separation membrane mentioned above can be produced by, for example, the production method described
in WO 2007/097260.
[0040] The filtration through the separation membrane is controlled using the transmembrane pressure. The trans-
membrane pressure during the filtration is not limited as long as the culture liquid can be filtered. In cases where the
transmembrane pressure is too large, the structure of the separation membrane is destroyed, while in cases where the
transmembrane pressure is too small, the filtration cannot be sufficiently carried out. Thus, the transmembrane pressure
is preferably within the range of 0.1 kPa or more and 150 kPa or less, more preferably within the range of 0.1 kPa or
more and 50 kPa or less, most preferably within the range of 0.1 kPa or more and 20 kPa or less.
[0041] Further, in the present invention, the temperature in the storage tank is preferably controlled to a lower tem-
perature than in the culture tank, irrespective of the culture method. By controlling the temperature in the storage tank
to a lower temperature than in the culture tank, the concentration of the volatile chemical substance in the gas phase in
the storage tank can be made lower than in the gas phase in the culture tank. Therefore, the volatile chemical substance
moves from the culture tank toward the storage tank through the gas connection pipe by diffusion. Thus, the temperature
in the storage tank storing the solution containing the volatile chemical substance is preferably lower. In the present
invention, the temperature in the culture tank means the liquid temperature of the culture liquid, and the temperature in
the storage tank means the liquid temperature in the storage tank.
[0042] The volatile chemical substance produced by the method of the present invention is not limited as long as it
has a vapor pressure at room temperature and atmospheric pressure. The volatile chemical substance is preferably a
substance which exists mainly as a liquid at room temperature and atmospheric pressure. More specifically, the volatile
chemical substance is preferably a substance having a vapor pressure of 1 kPa or more and 101 kPa or less at 30°C.
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Specific examples of the substance having a vapor pressure of 1 kPa or more and 101 kPa or less at 30°C include
ethanol, methanol, 1-propanol, 2-propanol, 1-butanol, 2-methyl-1-propanol, 2-butanol, 2-methyl-2-propanol, acetone,
and acetic acid.
[0043] In cases where generation of a gas(es) other than the volatile chemical substance of interest occurs, the volatile
chemical substance is preferably produced in a culture tank containing a vent from the viewpoint of safety. In particular,
in culture that generates carbon dioxide, discharge of the chemical substance of interest to the outside of the culture
tank together with carbon dioxide can be suppressed by placement of a backflow condenser for the vent hole.
[0044] The microorganism used in the present invention is not limited as long as it is a microorganism having an ability
to produce the volatile chemical substance. Preferred specific examples of the microorganism include yeasts such as
baker’s yeast; bacteria such as E. coli and coryneform bacteria; filamentous fungi; and actinomycetes; which are com-
monly used in the fermentation industry. The microorganism may be a microorganism isolated from the natural environ-
ment, or may be a microorganism whose properties are partially modified by mutation or genetic recombination.
[0045] One aspect of the culture apparatus of the present invention is illustrated in FIG. 1 for a case where the culture
method in the culture tank is the batch culture method or fed-batch culture method described in (1). The culture apparatus
in FIG. 1 comprises: a culture tank 1 configured to culture a microorganism having an ability to produce a volatile chemical
substance; a storage tank 2 configured to store a culture liquid after culture; a delivery line 3 configured to deliver the
culture liquid from the culture tank 1 to the storage tank 2; and a gas connection pipe5 configured to connect a gas
phase portion in the culture tank and a gas phase portion in the storage tank to each other.
[0046] In FIG. 1, the delivery line 3 includes a pump 4 as liquid delivery means, and the culture tank 1 additionally
includes a feedstock supply line 7, a microorganism supply line 8, and the like. These units are not indispensable, and
do not necessarily need to be included. The culture tank 1 preferably includes a vent 6 for safety. In addition to these
units, the apparatus may further include a stirrer, a gas-feeding unit, a pH sensor, a pH controller, a temperature controller,
a liquid level sensor, or the like, although these are not indispensable.
[0047] In the culture apparatus of FIG. 1, the culture liquid in the culture tank 1 is retained in the culture tank after
completion of the fermentation, or delivered to the storage tank 2 through the delivery line 3. Since the culture tank 1
and the storage tank 2 are connected to each other through the gas connection pipe 5, the gas in the culture tank 1 and
the gas in the storage tank 2 can move in both directions through the gas connection pipe 5.
[0048] When the culture liquid is delivered from the culture tank 1 to the storage tank 2, the liquid level in the culture
tank 1 decreases, and the liquid level in the storage tank 2 increases, in the presence of the connection through the gas
connection pipe 5. Upon the increase in the liquid level in the storage tank 2, the gas in the storage tank 2 moves toward
the culture tank 1 through the gas connection pipe 5. Thus, by providing the gas connection pipe 5, discharge of the gas
to the outside of the culture tank 1 and the storage tank 2, and inflow of a gas from the outside of the tanks, can be prevented.
[0049] One aspect of the culture apparatus of the present invention is illustrated in FIG. 2 for a case where the culture
method in the culture tank is a multi-stage continuous culture method, which is included in the continuous culture method
described in (2). Multi-stage continuous culture is a culture method using a plurality of culture tanks connected to each
other. The culture tanks are connected linearly or in parallel. FIG. 2 presents an example in which three culture tanks
are linearly connected to each other. The culture apparatus in FIG. 2 comprises: culture tanks 1, 1a, and 1b configured
to culture a microorganism having an ability to produce a volatile chemical substance; multi-stage delivery lines 11 and
11a configured to connect the culture tanks to each other; a delivery line 3 configured to deliver the culture liquid from
the culture tank 1b to the storage tank 2; a storage tank 2 configured to store the culture liquid after the culture; and a
gas connection pipe 5 configured to connect a gas phase portion in the culture tank 1 and a gas phase portion in the
storage tank 2 to each other.
[0050] The culture liquids in the culture tanks 1 and 1a are delivered to the culture tanks 1a and 1b, respectively,
through the multi-stage delivery lines 11 and 11a.
[0051] Although FIG. 2 includes pumps 4, 4a, and 4b as liquid delivery means for the delivery line 3 and the multi-
stage delivery lines 11 and 11a, these units are not indispensable, and do not necessarily need to be included in the
apparatus.
[0052] When the culture liquid is delivered between the culture tanks and the storage tank 2, the liquid levels in the
culture tanks and the storage tank 2 increase or decrease in the presence of the connection through the gas connection
pipe 5. Since the gas in the culture tank 1 and the storage tank 2 can move through the gas connection pipe 5 in
accordance with the increase or decrease in the liquid levels, discharge of the gas from the culture tank and the storage
tank, and inflow of a gas from the outside of the tanks, can be prevented also in the multi-stage continuous culture
method by providing the gas connection pipe.
[0053] Although the culture tanks 1, 1a, and 1b in FIG. 2 additionally include a feedstock supply line 7 and a microor-
ganism supply line 8, these units are not indispensable, and do not necessarily need to be included. The culture tanks
1, 1a, and 1b preferably include a vent 6 for safety. In addition to these units, if necessary, the apparatus may further
include a stirrer, a gas-feeding unit, a pH sensor/controller, a temperature controller, a liquid level sensor, or the like,
although these are not indispensable units.
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[0054] The gas phase portions in the culture tanks 1, 1a, and 1b, and in the storage tank 2, may be connected to each
other through gas connection pipes.
[0055] One aspect of the present culture apparatus is illustrated in FIG. 3 for a case where the culture method in the
culture tank is continuous culture utilizing a separation membrane module, which is included in the continuous culture
method described in (2). In the continuous culture utilizing a separation membrane module, a volatile compound is
obtained by performing culture in a culture tank, and the resulting culture liquid is filtered through a separation membrane
module to achieve separation between microorganisms and the filtrate. The filtrate is collected into a storage tank, while
the unfiltered liquid is retained, or returned to the culture tank, and a fermentation feedstock is added to the culture tank.
[0056] The culture apparatus illustrated in FIG. 3 comprises: a culture tank 1 configured to carry out culture of a
microorganism having an ability to produce a volatile chemical substance; and a separation membrane module 12
configured to filter a culture liquid. The culture tank 1 is connected to the separation membrane module 12 through a
culture liquid delivery line 15 and an unfiltered-liquid pipe 13 (circulation line). The secondary side (filtrate side) of the
separation membrane module 12 is connected to a storage tank 2 through a filtrate pipe 14. The gas phase portion in
the storage tank 2 and the gas phase portion in the culture tank 1 are connected to each other through a gas connection
pipe 5.
[0057] To the culture tank 1, a feedstock supply line 7 configured to supply a fermentation feedstock to the culture
tank is connected. Although the culture tank 1 in FIG. 3 includes a microorganism supply line 8, this is not an indispensable
unit, and does not necessarily need to be included. The culture tank 1 preferably includes a vent 6 for safety. In addition
to these units, the apparatus may further include a stirrer, a gas-feeding unit, a pH sensor, a pH controller, a temperature
controller, a liquid level sensor, or the like, although these are not indispensable units.
[0058] Although the culture liquid delivery line 15 in FIG. 3 includes a pump 4 configured to deliver the culture liquid,
this is not an indispensable unit, and does not necessarily need to be included. The unfiltered-liquid pipe 13 may also
include a pump, if necessary, although this is also not an indispensable unit. For control of the filtration rate, the filtrate
pipe 14 in the secondary side may include a pump, control valve, or the like.
[0059] The filtrate obtained by the filtration of the culture liquid through the separation membrane module 12 is delivered
to the storage tank 2 through the filtrate pipe 14. The filtrate is stored in the storage tank 2 for a certain period, and, if
necessary, delivered to a post-treatment such as distillation.
[0060] The shape of the separation membrane module 12 is not limited as long as the module has a structure which
enables connection of the culture liquid delivery line 15 and the unfiltered-liquid pipe 13 to the primary side, and connection
of the filtrate pipe 14 to the secondary side.
[0061] In continuous culture with the culture apparatus illustrated in FIG. 3, when the culture liquid in the culture tank
1 is delivered to the separation membrane module 12 through the delivery line 15, the liquid level in the culture tank
decreases by the amount of the culture liquid delivered, and the liquid level in the storage tank 2 increases by the amount
of the filtrate delivered from the filtrate pipe 14. Upon the elevation of the liquid level in the storage tank 2, the gas in the
storage tank moves to the culture tank 1 through the gas connection pipe 5. The culture tank 1 can receive the gas in
the amount corresponding to the decrease in the liquid level.
[0062] When the liquid level in the culture tank 1 increases due to, for example, addition of a fermentation medium to
the culture tank, there is no sufficient space to receive the gas moving from the storage tank. In this case, the filtrate in
the storage tank may be drawn to control the liquid levels in the culture tank 1 and the storage tank 2. When the filtrate
in the storage tank is collected, loss of the volatile chemical substance can be further reduced by collecting only the
culture liquid by, for example, collection of the culture liquid from the bottom of the storage tank.

EXAMPLES

[0063] The present invention is described below in more detail by way of Examples and Comparative Examples. The
experiments in all Examples and Comparative Examples were carried out in the state where the gas connection pipe,
vent, and backflow condenser in the culture apparatus are constantly open.

(Reference Example 1) Measurement of Ethanol

[0064] The ethanol concentration was measured under the following gas chromatography conditions based on com-
parison with a standard sample.

Apparatus: SHIMADZU GAS CHROMATOGRAPH GC-2010
(SHIMADZU)
Column: TC-BOND Q 0.25 mm 3 30 mm
Mobile phase: helium
Detection method: FID
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Flow rate: 40 cm/s
Temperature: 250°C

(Reference Example 2) Measurement of Sugars

[0065] Sugar concentrations were measured under the following HPLC conditions based on comparison with standard
samples.

Apparatus: SHIMADZU HPLC System (Shimadzu)
Column: HILICpak VG-50 4E (Shodex)
Mobile phase: acetonitrile:water=3:1
Detection method: RI detector
Flow rate, mobile phase: 0.6 ml/min
Temperature: 40°C

(Reference Example 3) Preparation of Molasses

[0066] Molasses and water were mixed together at a weight ratio of 1:3, to provide a fermentation feedstock. The
results of analysis of sugars contained in the molasses by the method described in Reference Example 2 are shown in
Table 1.

(Example 1)

[0067] A test was carried out using the culture apparatus illustrated in FIG. 4. The Schizosaccharomyces pombe
NBRC1628 strain was inoculated to a test tube containing 5 ml of SD medium. Culture was performed overnight with
shaking (pre-preculture). The resulting culture liquid was inoculated to an Erlenmeyer flask containing 45 ml of the
molasses prepared in Reference Example 3, and shake culture was performed at 30°C at 120 rpm for 8 hours (preculture).
To a culture tank containing 700 ml of the molasses prepared in Reference Example 3, 35 ml out of 50 ml of the preculture
liquid was inoculated, and first ethanol fermentation was carried out with stirring at 300 rpm using a stirrer with neither
aeration nor neutralization. Since carbon dioxide is generated during the ethanol fermentation, a backflow condenser
16 was placed for the culture tank 1. For judging completion of the fermentation, the method in Reference Example 2
was carried out to confirm that the sugars contained in the medium have been entirely consumed. The culture liquid
was delivered, through the delivery line 3, to the storage tank 2, which is connected to the culture tank 1 through the
gas connection pipe 5, and then the culture liquid was retained in a state where the storage tank stores the culture liquid.
Subsequently, second ethanol fermentation was carried out. The second ethanol fermentation was carried out under
the same conditions as in the first ethanol fermentation, and the culture liquid after completion of the fermentation was
retained as it is in the culture tank. The ethanol concentration in the storage tank was measured over time from the
beginning of the second ethanol fermentation until Hour 320 by the method in Reference Example 1. The results are
shown in FIG. 10.

(Comparative Example 1)

[0068] A test was carried out using the apparatus in FIG. 5. The apparatus in FIG. 5 was prepared by removing the
gas connection pipe 5 from the apparatus in FIG. 4, and providing a vent 6 for the storage tank 2. Except for this, the
test was carried out under the same conditions, and by the same operation, as in Example 1. The results are shown in
FIG. 10. In Comparative Example 1, the ethanol concentration in the storage tank decreased with time.

(Comparative Example 2)

[0069] A test was carried out using the apparatus in FIG. 6. The apparatus in FIG. 6 is the same as the apparatus in
FIG. 5 except that the apparatus in FIG. 6 comprises a backflow condenser instead of the vent 6 for the storage tank.
Except for this, the test was carried out under the same conditions, and by the same operation, as in Example 1. The

[Table 1]

Glucose (g/L) Fructose (g/L) Sucrose (g/L)

Fermentation feedstock 22.2 29.5 104.6
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results are shown in FIG. 10.
[0070] In Comparative Example 2, the decrease in the ethanol concentration in the storage tank was improved com-
pared to Comparative Example 1 because of the placement of the backflow condenser for the storage tank. However,
similarly to Comparative Example 1, the ethanol concentration in the storage tank decreased with time, indicating a
lower improving effect compared to the result in Example 1.
[0071] Thus, based on the results in Example 1 and Comparative Examples 1 and 2, it was found that, by connecting
the gas phase portion in the culture tank and the gas phase portion in the storage tank to each other through a gas
connection pipe, discharge of a volatile chemical substance can be prevented, thereby achieving a higher discharge-
suppressing effect than that in the method of Comparative Example 2, which uses a backflow condenser.

(Example 2)

[0072] A test was carried out using the culture apparatus illustrated in FIG. 7. Since carbon dioxide is generated during
the ethanol fermentation, a backflow condenser 16 was placed for the culture tank 1. The molasses prepared in Reference
Example 3 was used as a feedstock. Culture and inoculation of the yeast were carried out similarly to Example 1, and
immediately thereafter, a culture liquid circulation pump was operated to perform liquid circulation between the separation
membrane module and the culture tank for 24 hours. Thereafter, filtration of the filtrate from the separation membrane
module was started. After the beginning of the filtration, continuous ethanol fermentation was carried out for 600 hours
under the following continuous fermentation conditions while carrying out control of addition of the fermentation feedstock
such that the culture liquid volume in the continuous fermentation apparatus was 700 ml. Through the delivery line 15
and the filtrate pipe 14, the filtrate was delivered to the storage tank 2, which is connected to the culture tank 1 through
the gas connection pipe 5. The filtrate was then retained therein. Changes in the ethanol concentration in the storage
tank, during the steady state of the continuous culture, were measured over time by the method in Reference Example
1 from Hour 200 after the beginning of the inoculation. Between Hour 200 and Hour 600 after the beginning of the culture,
the average ethanol concentration was 64.1 g/l.

[Continuous Fermentation Conditions]

[0073] For the continuous fermentation using the continuous fermentation apparatus 1, the following conditions were
used.

Microorganism for the fermentation: Schizosaccharomyces pombe NBRC1628 strain
Amount of the fermentation microorganism inoculated: 10 v/v% (culture liquid volume [ml] / volume [ml])
Fermentation Conditions:
Fermentation reaction vessel capacity: 2 (I)
Separation membrane used: polyvinylidene fluoride filtration membrane
Effective filtration area of the separation membrane element: 218 (cm2)
Temperature adjustment: 30 (°C)
Aeration rate in the fermentation reaction vessel: no aeration
Stirring rate in the fermentation reaction vessel: 300 (rpm) pH adjustment: none
Filtration flux set value (which is the same as the fermentation feedstock rate): 0.1 (m3/m2/day)
Sterilization: the separation membrane element and the fermentation tank were autoclaved at 121°C for 20 min
Average pore size: 0.1 mm
Standard deviation of the average pore size: 0.035 mm
Membrane surface roughness: 0.06 mm
Pure water permeability coefficient: 50 3 10-9 m3/m2/s/pa

(Comparative Example 3)

[0074] A test was carried out using the apparatus in FIG. 8. The apparatus in FIG. 8 is the same as the apparatus in
FIG. 7 except that the apparatus in FIG. 8 comprises a vent 6 instead of the gas connection pipe 5 for the storage tank
2. Except for this, the test was carried out under the same conditions as in Example 2. The average ethanol concentration
between Hour 200 and Hour 600 was 57.0 g/l.

(Comparative Example 4)

[0075] A test was carried out using the apparatus in FIG. 9. The apparatus in FIG. 9 is the same as the apparatus in
FIG. 8 except that the apparatus in FIG. 9 comprises a backflow condenser 16 for the storage tank 2 instead of the gas
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connection pipe 5 in FIG. 7. Except for this, the test was carried out under the same conditions, and by the same
operation, as in Example 2. The average ethanol concentration between Hour 200 and Hour 600 was 60.7 g/l.
[0076] In Comparative Example 4, the decrease in the ethanol concentration in the storage tank was improved com-
pared to Comparative Example 3 because of the placement of the backflow condenser for the storage tank. However,
the average ethanol concentration was lower than that in the result of Example 2.
[0077] Thus, based on the results in Example 2 and Comparative Examples 3 and 4, it was found that, by connecting
the gas phase portion in the culture tank and the gas phase portion in the storage tank to each other through a gas
connection pipe, discharge of a volatile chemical substance can be prevented, thereby achieving a higher discharge-
suppressing effect than that in the method of Comparative Example 4, which uses a backflow condenser.

[Explanation of References]

[0078]

1, 1a, 1b Culture tank
2 Storage tank
3, 3a, 3b Delivery line
4, 4a, 4b Pump
5 Gas connection pipe
6 Vent
7 Feedstock supply line
8 Microorganism supply line
9 Pump for feedstock supply line
10 Pump for microorganism supply line
11, 11a Multi-stage delivery line
12 Separation membrane module
13 Unfiltered-liquid pipe
14 Filtrate pipe
15 Culture liquid delivery line
16 Backflow condenser

Claims

1. A method of producing a volatile chemical substance using a culture apparatus comprising: a culture tank configured
to culture a microorganism having an ability to produce a volatile chemical substance; a storage tank configured to
store a solution containing the chemical substance obtained by culturing the microorganism; and a delivery line
configured to deliver a culture liquid obtained by culturing in the culture tank to the storage tank,
the method comprising culturing the microorganism in the culture tank while retaining the solution in the storage tank,
wherein a gas phase portion in the storage tank and a gas phase portion in the culture tank are connected to each
other through a gas connection pipe.

2. The method of producing a volatile chemical substance according to claim 1,
wherein the delivery line comprises: a separation membrane module configured to separate microorganisms in the
culture liquid; a culture liquid delivery line configured to deliver the culture liquid to the separation membrane module;
a filtrate pipe configured to deliver a filtrate obtained by the separation membrane module to the storage tank; and
an unfiltered-liquid pipe configured to return an unfiltered liquid obtained by the separation membrane module to
the culture tank, and
wherein in the delivery of the culture liquid from the culture tank to the storage tank, a filtrate obtained by passing
the culture liquid through the separation membrane module is delivered to the storage tank as a solution containing
the volatile chemical substance, and an unfiltered liquid obtained by passing the culture liquid through the separation
membrane module is returned to the culture tank.

3. The method of producing a volatile chemical substance according to claim 2, wherein the separation membrane
has an average pore size of 0.01 mm or more and less than 5 mm.

4. The method of producing a volatile chemical substance according to claim 2 or 3, wherein the separation membrane
has a transmembrane pressure of 0.1 kPa or more and 150 kPa or less.
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5. The method of producing a volatile chemical substance according to any one of claims 1 to 4, wherein the liquid
temperature in the culture tank is higher than the liquid temperature in the storage tank.

6. The method of producing a volatile chemical substance according to any one of claims 1 to 5, wherein the vapor
pressure of the volatile chemical substance is 1 kPa or more and 101 kPa or less at 30°C.

7. The method of producing a volatile chemical substance according to any one of claims 1 to 6, wherein the volatile
chemical substance is ethanol, methanol, 1-propanol, 2-propanol, 1-butanol, 2-methyl-1-propanol, 2-butanol, 2-
methyl-2-propanol, acetone, or acetic acid.

8. An apparatus for producing a volatile chemical substance, the apparatus comprising: a culture tank configured to
culture a microorganism having an ability to produce a volatile chemical substance; a storage tank configured to
store a solution containing the chemical substance obtained by culturing the microorganism; a delivery line configured
to deliver a culture liquid obtained by culturing in the culture tank to the storage tank; and a gas connection pipe
configured to connect a gas phase portion in the culture tank and a gas phase portion in the storage tank to each other.

9. The apparatus for producing a volatile chemical substance according to claim 8, wherein the delivery line comprises:
a separation membrane module configured to separate microorganisms in the culture liquid; a culture liquid delivery
line configured to deliver the culture liquid to the separation membrane module; a filtrate pipe configured to deliver
a filtrate obtained by the separation membrane module to the storage tank as a solution containing the volatile
chemical substance; and an unfiltered-liquid pipe configured to return an unfiltered liquid obtained by the separation
membrane module to the culture tank.
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